Dietary fat absorption in the intestine consists of multiple steps, including absorption into enterocytes and intracellular assembly of chylomicrons, chylomicron transport and exit from the enterocytes, movement across the lamina propria, entry into lacteals, and regulated transport in intestinal lymphatics. This review draws attention to postassembly regulation of chylomicron secretion that may present opportunities for improving health.
Rapid and efficient digestion and absorption of dietary triglycerides and other lipids by the intestine, the packaging of those lipids into lipoprotein chylomicron (CM) particles, and their secretion via the lymphatic duct into the blood circulation are essential in maintaining wholebody lipid and energy homeostasis. Biosynthesis and assembly of CMs in enterocytes is a complex multistep process that is subject to regulation by intracellular signaling pathways as well as by hormones, nutrients, and neural factors extrinsic to the enterocyte. Dysregulation of this process has implications for health and disease, contributing to dyslipidemia and a potentially increased risk of atherosclerotic cardiovascular disease. There is increasing recognition that, besides intracellular regulation of CM assembly and secretion, regulation of postassembly pathways also plays important roles in CM secretion. This review examines recent advances in our understanding of the regulation of CM secretion in relation to mobilization of intestinal lipid stores, drawing particular attention to post-assembly regulatory mechanisms, including intracellular trafficking of triglycerides in enterocytes, CM mobilization from the lamina propria, and regulated transport of CM by intestinal lymphatics. I ntestinal digestion, absorption, and secretion of dietary fats are important steps in maintaining wholebody lipid and energy homeostasis. 1 Compromised lipid handling by the gut has implications for health and disease, potentially contributing to dyslipidemia and atherosclerotic cardiovascular disease. Understanding lipid processing by the gut is essential for developing novel therapeutic strategies to improve cardiac and metabolic health. 2 The majority of absorbed lipids are packaged into chylomicron (CM) particles in the intestinal enterocyte, secreted into and transported through the lymphatic system to enter the blood circulation, and delivered to various tissues for storage or energy utilization. Numerous studies have elucidated the elegant cellular and molecular control of dietary fat absorption and CM biosynthesis, which has been reviewed extensively elsewhere. [3] [4] [5] Recently, there has been increasing recognition that regulation of the movement of lipids and CM, retained at multiple sites in the intestinal structure, from enterocyte to circulation also contributes to the overall rate of secretion of CMs into the circulation. 6, 7 This review examines recent advances in our understanding of the regulation of CM secretion in relation to mobilization of intestinal lipid stores, with a focus on post-assembly regulatory mechanisms, including enterocyte intracellular triglyceride (TG) trafficking, CM movement in the lamina propria, and CM transport by intestinal lymphatics. Our focus is on TGs and CM particles rather than other lipid moieties.
intestine. The digestion products monoglycerides (MGs) and fatty acids (FAs) form micelles with bile salts, which facilitates their absorption at the brush border across the apical membrane of enterocytes. Absorption of MGs and FAs is achieved through both passive diffusion and active transport. Facilitated diffusion is predominant at low concentrations, while simple diffusion is predominant at high concentrations for linoleic acid absorption by rat jejunum. 10 Various transport proteins facilitate the transport process, including but not limited to CD36 and lipid binding proteins. 11, 12 Intestinal lipid binding proteins are involved not only in luminal absorption of long-chain FAs (LCFAs), but also in modulating intracellular trafficking of FAs, TG resynthesis, and CM formation. 12 CD36 may not play a quantitatively significant role in FA uptake, but it may induce key proteins in CM formation, thereby playing an important regulatory role in CM secretion. 13 In a mouse model of diet-induced metabolic syndrome, downregulation of CD36 by lipids was abolished and lipid sensing by CD36 was impaired, resulting in delayed induction of microsomal triglyceride transfer protein (MTP), liver-type-fatty acid binding protein (FABP), and apolipoprotein C-II, and aberrant TG-rich lipoprotein formation. 14 CD36 -/mice have decreased lymph flow, 15, 16 suggesting CD36 involvement in post-assembly transport of CMs. Polymorphism in FABP2 (encoding intestinal FABP) is associated with exaggerated postprandial plasma and CM TG response in human beings. 17 Mice deficient in intestinal Fabp affects weight gain in a sex-dependent manner, 18 which may underlie sexual dimorphism in lipid and lipoprotein metabolism, although gender differences in CM synthesis and secretion has not been studied extensively.
Upon entry into enterocytes, MGs and FAs are re-esterified to form TGs in the endoplasmic reticulum (ER) membrane leaflet. TG resynthesis occurs primarily (approximately 80%) through the monoacylglycerol pathway. MGs first combine with a FA to form diglycerides catalyzed by acyl CoA:monoacylglycerol acyltransferase, followed by TG formation, with the addition of a second FA catalyzed by acyl-CoA:diacylglycerol acyltransferase. The glycerol-3-phosphate pathway using glycerol-phosphate acyltransferase contributes approximately 20% to intestinal TG synthesis. 19 TGs synthesized in the ER membrane form lipid droplets that either bud off to form cytoplasmic lipid droplets (CLDs) encased in a phospholipid monolayer, or secreted into the ER lumen for CM synthesis. Formation of pre-CM occurs at the inner ER membrane where apolipoprotein (apo) B48 is lipidated, facilitated by MTP. The prevailing model of CM lipidation depicts the formation of a poorly lipidated, dense, apoB48-containing particle and an apoB48-free lipid droplet, with subsequent fusion of the 2 to form the pre-CM. ApoAIV also is added to pre-CM in the ER and plays an important role in CM size and metabolism in the circulation. 20 Pre-CMs are transported in special transport vesicles (pre-CM transport vesicle [PCTV]) from the ER to the Golgi apparatus, where they are processed further into mature CMs. Mature CMs exit enterocytes at the basolateral membrane, enter the lamina propria and then the lacteals, and move through the mesenteric lymphatic ducts to the thoracic duct where they enter the venous circulation at the left subclavian vein.
The following discussion focuses on TG trafficking, storage, and mobilization in the small intestine, with an emphasis on nodes of regulation in CM secretion postassembly of nascent lipoproteins ( Figure 1 ).
Transport of Pre-CMs From ER to Golgi
Pre-CMs are packaged into PCTVs, which bud off the ER membrane and move to the cis-Golgi. Pre-CM exiting the ER is considered the rate-limiting step for intracellular trafficking of TGs and is a multistep process. 6 FABP1 binds to the ER to initiate PCTV formation, and together with CD36, VAMP7, and apoB48, facilitates PCTV budding. Transport of pre-CMs in PCTVs requires the soluble NSF attachment protein receptor (SNARE) protein complex. Transport vesicles use their vesicle SNARE (vSNARE) to direct the vesicles to their target, where vSNAREs pair with the target SNARE of the target membrane to form a SNARE complex to deliver the vesicle contents to target lumen via membrane fusion. The SNARE complex is composed of 4 helices, 1 from the transport vesicle and 3 from the target membrane. After budding from the ER, PCTVs are directed by vSNARE toward the Golgi. VAMP7 of vSNARE joins with syntaxin-5, rbet1, and vti1a of target SNARE to form the SNARE complex, which facilitates docking and fusion of PCTV with the Golgi membrane to release CM cargo into the Golgi lumen. 21 The regulation of this machinery has not been fully defined. Our recent study suggests that syntaxin-binding protein 5 may be involved in oral glucose mobilization of intestinal lipid stores. 22 A plausible mechanism is that binding of syntaxinbinding protein 5 closes syntaxin-5 and prevents the formation of the SNARE complex, PCTV fusion with the Golgi membrane, and uptake into the Golgi.
Other proteins (eg, apoAI) are transported by cytoplasmic coat protein complex II vesicles from the ER to the Golgi. cytoplasmic coat protein complex II is not needed for pre-CM to exit the ER but is needed for Golgi fusion of PCTVs. In the Golgi, maturation of CMs occurs with acquisition of additional apolipoproteins (eg, apoAI and apoAIV), and apoB48 glycosylation. Mature CMs exit the Golgi into the cytosol in a large vesicle by an unknown mechanism, before being exocytosed at the basolateral membrane. The basement membrane beneath the enterocytes may become leaky during active lipid absorption to facilitate the movement of CMs from the intercellular space to the lamina propria. 23 Despite many similarities in the synthesis of CMs in enterocytes and very-low-density lipoprotein (VLDL) in hepatocytes, their intracellular transport differs in several aspects. VLDL synthesis in hepatocytes starts with MTPdependent lipidation of nascent apoB100 to generate lipid-poor, primordial VLDL particles in the ER lumen. Lipidation of apoB100 depends on the availability of TGs, which may be derived from several sources, including free fatty acids from adipose hydrolysis, CM remnant uptake, and de novo lipogenesis. Further lipid enrichment and maturation may occur via fusion with preformed lipid droplets in the ER and in the Golgi before secretion. 24, 25 ApoB100 degradation is a major regulatory mechanism, thus lipidation is necessary for stabilization of apoB100 and a reduction in fatty acid supply promotes apoB100 degradation. 25, 26 Whether apoB48 protein degradation plays a major regulatory role in CM secretion is unresolved. Abundant apoB48 was observed in Caco-2 cells even without fatty acid supply, implying the lack of significant apoB48 degradation. 27 On the other hand, apoB48 degradation was reported in Caco-2 cells 28 and in primary hamster enterocytes. 29 It is known that intestinal lipoprotein secretion occurs in rats and hamsters even in the fasted state, where a more dense, high-density lipoprotein-like or VLDL-like particle is secreted. 29, 30 Transport of VLDL from the ER to the Golgi uses a distinct transport vesicle (VLDL transport vesicle), which differs from PCTV in biogenesis, size, and SNARE components in vesicle-Golgi membrane fusion. 24 
Intestinal Retention and Release of Lipids
A relatively recent development in the field is the recognition of postprandial lipid retention in the intestine Figure 1 . Triglyceride trafficking, storage, and mobilization in the small intestine. TGs are present in various pools in intracellular and extracellular spaces within the intestinal structure. Digestion products of dietary TGs are absorbed at the brush border across the apical membrane of the enterocyte. TG resynthesis through the MGAT (majority) or the G3P pathways occurs in the outer ER membrane. Lipid droplets formed in the ER membrane are packaged into pre-CMs that are transported in PCTVs to the Golgi for further processing. Mature CM particles exit the basolateral membrane via exocytosis of secretory vesicles. Lipid droplets in the ER membrane also may bud off to form CLDs that are recruited for CM synthesis during the interprandial period or are degraded in the autophagosome (APS). A putative, apical/subapical pool of lipid-poor apoB48 may be recruited for rapid CM secretion and replenished by lipid supply during the feeding-fasting cycle. Secreted CM particles move through the lamina propria, enter the lacteals, and are actively transported in lymphatic vessels of increasing size before being released into circulation. CM entry into lacteals occurs mainly through size exclusion, but certain prerequisites such as particular CM composition also play a role. SMC around the lacteal and larger lymphatic vessels, which may be modulated by neural inputs, VEGF-C, and other regulators, actively regulates lymph flow and CM transport to the circulation. CoA, coenzyme A; DG, diacylglycerol.
that extends well beyond the prandial and postprandial periods. Plasma TG concentration in a normolipidemic individual after a high-fat meal usually peaks after 3-5 hours and returns to baseline by approximately 6-8 hours. Studies in human beings documented the early appearance of CM TGs after a fat-rich meal, the origin of which was attributed to lipids derived from a previous meal. [31] [32] [33] [34] This time frame is earlier than that required for dietary fat digestion and absorption and CM biogenesis to occur. 35 Studies with stable isotope labeling of dietary fat showed that 10%-12% of TGs from the previous meal appear in new CM within the first 20 minutes of a second meal ingestion, and that lipids from earlier meals can contribute to CM TG secretion more than 18 hours after the last meal. 36 Postprandial CM TG concentrations are higher than those after an earlier meal, even when the 2 sequential meals contain exactly the same macronutrient composition, supporting a contribution of earlier dietary lipids to the appearance of CM TGs after the second meal. 37 In addition, abundant lipid droplets were visible in jejunal enterocyte cytoplasm 6 hours after a highfat liquid meal in 1 study, 38 and we recently showed CLDs present in duodenal enterocyte cytoplasm as long as 10 hours after a high-fat meal. 22 In mice, enterocyte cytoplasm contains lipid depots up to 12 hours after a high-fat meal. 39 These observations support the existence of an enteral source of lipid stores in the postprandial period that is derived from previous dietary fat intake. This stored enteral lipid is released in response to a second meal and other stimulatory cues (discussed in greater detail later), contributing to circulating CM TGs. Although the exact source of these intestinal lipid stores is unknown, candidate pools include lipid droplets in intracellular spaces (eg, cytoplasm, organelles, and secretory pathways), and CMs in extracellular spaces (eg, lamina propria and lacteals of the mesenteric lymphatic system).
In addition to the retention of TGs and their subsequent release in response to various stimuli, we have shown that preformed apoB48 is rapidly released from the intestine in response to the gut peptide glucagon-like peptide-2 (GLP-2). 40 The apoB48 released into the circulation is predominantly in the form of CMs, but whether it is derived from a pool of unlipidated/poorly lipidated apoB48 or fully preformed CMs is not fully known. Apical distribution of apoB has been reported in rat jejunal enterocytes and Caco-2 cells. 41 A small amount of apoB is reported to be released from the apical side of pig intestinal explants, which was abolished by a fat meal. 42 In differentiated Caco-2 cells, apoB showed apical distribution, located within the brushborder microvilli and in the subapical region. 28 This apical pool of apoB was derived from the trans-Golgi network, with lipid supply driving the export of apoB from the ER and post-Golgi targeting to the apex. Apical supply of lipid micelles rapidly depleted the apical pool of apoB, mobilizing it toward the basolateral area, whereas a continuous supply of lipids replenished it. It is important to note that, in this model, the supply of exogenous lipids did not significantly increase apoB synthesis; therefore, apoB degradation served as part of the regulation and mobilization of the pre-existing ready-to-use store of apical pool of apoB, which constitutes an additional contribution to the increased apoB secretion in this condition. Synthesis of TGs and lipid droplets, from the lipid supply on the apical side, in the ER in the subapical compartment triggers the trafficking of apical apoB toward the basolateral side. The apical pool of apoB may be in the form of primordial lipoproteins, ready to be greatly expanded in size within the secretory pathway after an influx of dietary lipids. This repeated replenishment and recruitment of an apical pool of apoB48 during the feedingfasting cycle is very interesting. The presence of an apical pool of apoB (ie, polarized distribution) is believed to be cell-specific and has not been described for hepatocytes. It remains to be established whether this process is altered in different metabolic conditions, such as the metabolic syndrome and type 2 diabetes. It is not known whether the basolateral supply of lipids also promotes the mobilization of the apical apoB pool. It also remains to be examined whether other stimuli (eg, glucose, both an apical and basolateral supply; a cephalic phase response; or GLP-2 in vivo) mobilizes this apical pool of apoB in a similar fashion. As we have shown previously, GLP-2 promotes the rapid release of preformed CM particles in which apoB48 was not labeled with stable isotope. 40 It is intriguing to speculate that the apical pool of apoB48 was mobilized by GLP-2.
CLD Metabolism
Lipid droplets that are formed in the ER membrane undergo 1 of 2 fates: CM synthesis in the ER lumen or formation of CLDs. CLDs consist of a neutral lipid core containing mostly TGs and some cholesteryl ester, surrounded by a phospholipid monolayer and associated proteins. CLDs undergo dynamic synthesis, metabolism, and catabolism. 43 Newly synthesized TGs accumulate within the ER membrane and promote the budding of a CLD, with CLDs further expanding in size via either fusion or TG synthesis at the CLD surface. Several enzymes that facilitate CLD synthesis are associated with the CLD membrane. 43 The catabolism of CLDs within enterocytes can occur either through cytoplasmic TG lipolysis or lipophagy. CLD surface proteins (eg, ATGL, which catalyzes the hydrolysis of TG, yielding diglycerides and FAs) and its cofactor comparative gene identification-58 play important roles in cytoplasmic TG hydrolysis in enterocytes. 44, 45 Autophagy plays an important role in TG targeting to lysosomes, regulating TG distribution, trafficking, and turnover in enterocytes. 46 Numerous CLD-membrane-associated proteins have been identified using proteomics in Caco-2 cells after incubation with lipid micelles. 47, 48 Many of these proteins are involved in lipid and lipoprotein metabolism pathways, for example, fatty acid activation, TG hydrolysis, phosphatidylcholine synthesis, steroid metabolism, and lipoprotein assembly. 49 Similar findings have been reported for the proteome of CLDs isolated from mouse enterocytes harvested after a dietary fat challenge. 50 Multiple physiological roles have been proposed for CLDs, including serving as transient storage of TGs in enterocytes, attenuating postprandial TG excursions, and ensuring a continuous supply of TGs for postprandial CM secretion. 49 In mouse enterocytes, TG storage in CLDs is highly dynamic during dietary fat absorption, accumulating postprandially followed by gradual depletion. 39 Dynamic metabolism of CLDs is believed to enhance the overall efficiency of dietary fat absorption and prevent lipid overload-induced toxicity within enterocytes and systemically. 7 Emerging evidence is beginning to show the intricacies of the regulation of CLD storage and mobilization in enterocytes. Many CLD-associated proteins may play regulatory roles on CLD metabolism. 43 Several members of the perilipin (Plin) family are associated with enterocyte CLDs. Plin3 localizes to CLDs after an acute dietary fat challenge, while Plin2 was found to associate only with enterocyte CLDs after chronic high-fat feeding. 51 Plin2-deficient mice have decreased TG storage in enterocyte CLDs compared with wild-type mice, 52 supporting a role of Plin2 in stabilizing CLDs. Cell death-inducing DFFA-like effector b (a member of a protein family with known roles in CLD fusion that localizes to both CLD and ER) may play a role in mobilizing TGs stored within enterocyte CLDs to provide substrates for CM secretion because cell death-inducing DFFA-like effector b-deficient mice show reduced intestinal TG secretion, decreased CM size, and increased TG storage within enterocyte CLDs. 53 In mice, Mfge8 on the enterocyte surface regulates CLD metabolism. In response to a fat challenge, Mfge8 interacts with avb3 and avb5 integrins to increase intracellular TG hydrolase activity, enhancing CLD TG hydrolysis and CM synthesis. 54 Deficiency in lysophosphatidylcholine acyltransferase-3 (a phospholipid remodeling protein) increases intestinal TG storage and reduces intestinal TG secretion in mice. [55] [56] [57] Biliary phospholipid secretion supports CM membrane formation and mucosal protein synthesis, 58 and CM particle size is related inversely to biliary phospholipid secretion in mice. 59 This evidence supports a role of altered membrane phospholipid composition in CLD and CM mobilization. Transmembrane 6 superfamily 2-deficiency in zebrafish enterocytes and in Caco-2 cells results in CLD accumulation in response to a lipid load, 60 suggesting a role in regulating CLD metabolism and intestinal TG secretion.
The exact mechanisms whereby these proteins regulate enterocyte CLD storage require further elucidation, but there is little doubt that the dynamic formation and mobilization of CLD lipids is highly regulated and plays an important role in determining the net secretion rate of CMs from the intestine.
CMs in the Lamina Propria
The lamina propria contains numerous CMs as they journey from the enterocyte to the lacteal. 61 The lamina propria is a layer of loose connective tissue situated under the basolateral membrane of enterocytes and below the basement membrane, forming the intestinal mucosa together with the epithelium. Interlacing, loosely organized fibers form the areolar, sponge-like, elastic tissue with ample open space for interstitial fluid. The lamina propria is highly vascularized with blood capillaries and lymphatics.
The blood vessels provide nutrient supply, waste removal, and leukocytes. Lymphatics penetrate the mucosa and lie below the basement membrane of the epithelium, from there they drain the lamina propria. In the small intestine, a central lacteal (a single, blind-ended, lymphatic vessel) lies in the center of each villus. The lamina propria also houses a rich variety of cells (eg, fibroblasts, lymphocytes, leukocytes, mast cells, and smooth muscle cells). It has been suggested that myofibroblasts also reside in the lamina propria. 62 These cells have characteristics of both smooth muscle cells and fibroblasts, release cytokines and chemokines in response to stress, and play important roles in inflammation. In addition, their contractile capacity may help draw tissue together in wound healing responses. Afferent and efferent nerve endings can be found in the lamina propria as well.
Control of CM passage through the lamina propria has been relatively unappreciated; however, it may represent an added node of regulation for CM secretion. During active absorption, CM movement through the lamina propria may be by diffusion and greatly facilitated by convective fluid movement as a result of interstitial hydration. 23 Blood supply to the small intestinal mucosa is through 3 main blood vessels: the celiac, superior, and inferior mesenteric arteries. Nitric oxide (NO) signaling is an important regulator of intestinal blood flow. 63 The majority of NO in the intestinal mucosa is synthesized in endothelial cells by endothelial NO synthase (eNOS) using oxygen and L-arginine as substrates. Postprandially, intestinal blood flow is increased dramatically by luminal nutrients, particularly lipids and carbohydrates. NO plays an important role in hyperemia in response to luminal glucose, thus glucose absorption across the mucosa causes artery dilation with increased venous and arterial NO concentrations in the intestine, 64 which can be ablated by inhibition of NOS. 65 Adenosine is a potent vasodilator in the intestine, through activation of A1 or A2B receptors and downstream induction of NO. 65 In addition, endogenous availability and intracellular and extracellular concentrations of NO may be regulated by cytochrome c oxidase. 66 The intestinal microvasculature is subjected to neural regulation via coordinated extrinsic and enteric innervation. 67 Specifically, vasoconstriction is mediated by sympathetic nerves that originate from the celiac and mesenteric ganglia and act on submucosal arterioles by releasing adenosine triphosphate onto arteriolar purinoceptors. Release of acetylcholine and/or neuropeptides from intrinsic submucosal neurons and release of substance P and calcitonin gene-related peptide from extrinsic sensory nerves lead to neurogenic vasodilation of submucosal arterioles. These vasodilatory pathways can be activated independently by mucosal stimulation, and both have afferent and efferent components confined to the mucosa and submucosal neuronal plexus. It has been postulated that the intrinsic enteric cholinergic reflex pathways mediate local physiological control of mucosal blood flow, whereas extrinsic sensory reflex pathways are preferentially activated during inflammatory states. 67 Furthermore, oxygen from the arterial blood supply diffuses to adjacent venules along the crypt villus axis, resulting in decreasing levels of oxygen along the radial axis from the intestinal submucosa to the lumen, rendering the epithelial cells under "physiologic hypoxia." 68, 69 CMs are present in the lamina propria of human jejunum hours after high-fat intake and are depleted after oral glucose ingestion. 38 The quantitative contribution of this pool to the overall lipid release from the intestine is unknown, but abundant CMs are present in the lamina propria in the jejunum of both rats 61, 70 and human beings after fat ingestion. 38 The exact mechanism regulating CM passage through the lamina propria has not been fully elucidated. Hypothetically, potential regulators may include modulation of blood flow, vasodilation, and fiber contraction, with the possible involvement of neural signals, to empty CMs into lacteals. Changes in hypoxia status in the lamina propria and in enterocytes as a result of changes in blood flow may contribute to mobilization of local CM pools. Furthermore, oral glucose-and GLP-2-mediated CM mobilization could include NO-dependent (blood flow) and NO-independent (eg, modulation of hypoxia) mechanisms, which warrants future investigation.
Role of Regulated Enteric Lymphatic Flow in Chylomicron Secretion
The intestinal lymphatic vasculature plays an important role in body fluid homeostasis, dietary fat absorption, and gut immune responses. 71 For in-depth discussion on the functions and metabolic implications of the intestinal lymphatic system, readers are referred to a comprehensive review in this issue. 72 For a complete discussion on postassembly control of CM secretion, the role of intestinal lymphatics on lipid handling is discussed briefly here.
The majority of CMs in the lamina propria are taken up into lacteals. 70 It generally is believed that CMs enter lacteals through size exclusion. The paracellular pathway is likely the main route for CMs to enter lacteals, where intercellular junctions at the tip of the lacteal are large enough to allow entry of CMs of considerable sizes down their concentration gradient, although transcellular transport also has been proposed. 73 A small fraction of CMs of much smaller size may enter subepithelial blood capillaries, which may involve VLDL receptors on endothelial cells. 61 CMs in lacteals drain into mesenteric lymphatic ducts and are transported to the thoracic duct before being released into the circulation at the left subclavian vein.
Regulation of CM uptake and transport in the lymphatic vasculature is beginning to be elucidated. CM uptake into the lacteals may be more complex than simple size exclusion. For example, in mice lacking the transcription factor pleomorphic adenoma gene-like 2, CMs can exit enterocytes but fail to enter lacteals, and thus accumulate in the lamina propria. 74 The small portion of CMs that do reach the circulation are not efficiently taken up and metabolized by local tissues, resulting in an inability to absorb fat, postnatal wasting, and death. The mechanism whereby this occurs remains unknown but may be owing to generation of CMs with compositional properties that allow them to exit the enterocytes but fail to enter lacteals. Consistent with this hypothesis, pleomorphic adenoma gene-like 2 expression is limited to enterocytes and its deficiency is associated with reduced expression of several genes (eg, sorting nexins and vacuolar sorting proteins) that are candidate regulators of intracellular steps of CM assembly. This implies that the lacteals are able to discriminate CMs not only by particle size but also by particle composition. In addition, lacteal permeability is under molecular control, thus deletion of endothelial cell receptors neuropilin-1 and vascular endothelial growth factor receptor 1 closes lacteal junctions and prevents lacteal CM uptake. 75 Recent reports have suggested that lymphatics play an active role in lipid transport and that compromised lymphatic function bears systemic consequences to lipid metabolism and transport. 73 Contrary to the belief that the lymphatic vasculature is a passive conduit, the flow of lymph in the lymphatic vessel is in large part achieved through an active pumping mechanism. 76, 77 The lymphatic smooth muscles show both tonic (vessel diameter) and phasic (frequency and amplitude) contractions, which, together with the 1-way valves that prevent backflow, actively transport lymph from the intestine to the circulation. Lymphatic pumping function may be affected by lipid load, thus both tonic and phasic contractility of mesenteric lymphatics are reduced with infusion of lipids into the duodenum of rats, although total lymph flow is increased. 76 Active contraction of lacteals also participates in dietary lipid drainage in mice. 78 Contraction of smooth muscles that surround each lacteal is under the control of the autonomic nervous system. 78 Importantly, lymphatic function is impaired in the metabolic syndrome, thus lymphatics from rats with the metabolic syndrome have reduced potential load capabilities and impaired intrinsic contractility required for proper lymph flow. 79, 80 Collectively, this evidence supports an active role of intestinal lymphatics, including lacteals and mesenteric lymphatic ducts, in physiological control of CM secretion. This node of regulation adds an additional layer of complexity to our attempts to elucidate the mechanisms of CM secretion. Understanding the regulation of lymphatic flow and its contribution to intestinal lipid absorption and CM secretion is still in its infancy.
Molecular Regulation of Intestinal Lymphatic Function
The development and maintenance of intestinal lymphatic vasculature are under molecular regulation. Vascular endothelial growth factor-C (VEGF-C), through activation of VEGF receptor 3 (VEGFR3), is a key regulator of lymphatic vessel growth during development and pathologic processes. 81 The maintenance of the intestinal lymphatic architecture requires VEGF-C whereas Vegfc deletion leads to atrophy of the intestinal lymphatic vasculature, including lacteals, and defective lipid absorption. 82 In the intestine, VEGF-C is expressed by a subset of smooth muscle cells (SMCs) adjacent to the lacteals in the villus and in the intestinal wall, and activated by proteolytic cleavage of the full-length protein. 83 VEGF-C is necessary for perinatal lymphangiogenesis, including in the small intestine, 84 however, in adult mice it is required for lymphatic vessel maintenance only in the intestine. 82 The adult intestinal lacteals, unlike other lymphatics, are in a permanent regenerative and proliferative state, undergoing continuous remodeling. Regeneration and maintenance of lacteals is mediated by Notch signaling, involving Notch ligand deltalike 4 whose expression requires activation of VEGFR3 and VEGFR2. 85 VEGF-C is known to stimulate lymphatic pump activation by inducing contraction of SMCs surrounding the collecting lymphatic vessels, 86 and SMC contractility in the villi is important for dietary lipid absorption. 87 Calcitonin receptor-like receptor (CLR) is a component of the adrenomedullin signaling pathway that is important for lymphangiogenesis during development. 88 In adult mice, genetic ablation of lymphatic Calcrl (encoding CLR) induces systemic lymphatic insufficiency, intestinal inflammation, and intestinal lymphatic dilation. Importantly, these mice show reduced proliferation of lymphatic endothelial lacteals and accumulation of lipids toward the center of the villi or within the submucosal area, suggesting an essential role of CLR expression in lipid absorption within the intestinal lacteals. 89 Calcrl deletion also down-regulates the expression of the Notch ligand delta-like protein 4 (activation of which by VEGFR2 and VEGFR3 is important for the regeneration and functions of lacteals). These data support that a Calcrl-Notch-delta-like protein 4 signaling cascade is important for the maintenance of intestinal lymphatic function. Collectively, molecular control of intestinal lymphatic architecture, inflammation, and function in adults is highly regulated. Disruption of molecular pathways that regulate the development and maintenance of the lymphatic vasculature and intestinal inflammation compromises lipid absorption into lacteals and lipid handling in the gut in general.
Known Regulators of Intestinal TG Mobilization

Cephalic Phase Release of CMs: Sequential Meal and Sham Fat Feeding
It generally is recognized that a cephalic phase of gastric secretion exists, before food reaching the stomach, usually triggered by seeing, thinking, and tasting of food. Cephalic responses have been described for the secretion of hormones (eg, insulin, 90 ghrelin, and pancreatic polypeptide). [91] [92] [93] An early peak (within in an hour) in plasma and CM TGs was observed with the ingestion of a high-fat meal that follows an earlier high-fat meal, which reflects a fatty acid profile of the earlier meal. 31, 33 This suggests that a pool of lipids originating from the previous meal is recruited for secretion in CM particles after the intake of the second meal. This CM secretion occurs before absorption of dietary lipids in the second meal, implying mobilization of a preexisting pool. The site of this lipid store is as yet unidentified, with consideration given to both intracellular and extracellular lipid pools.
The cephalic phase of CM secretion has been described with oral fat tasting (without swallowing). In human beings, oral exposure to nutrients, especially fat, increases serum TGs. 94 Sham fat feeding prompted the appearance of several sequential plasma TG peaks, the earliest within 30 minutes of oral fat tasting. 37 The signal to initiate this rapid, cephalic response has not been fully defined. Cephalic phase secretion of hormones (insulin, ghrelin, and pancreatic polypeptide secretion) may involve the vagal nerve. 91 A cephalic phase response of insulin secretion may involve both cholinergic and noncholinergic autonomic activation. 90 Sham fat feeding is associated with cephalic phase responses, including release of pancreatic polypeptide, insulin, and CM TGs, which is believed to be related to vagal stimulation and increased parasympathetic activity. 93 Such a mechanism has not been examined for the cephalic phase of CM secretion. The initiation of this process may start with oral taste receptors sensing fatty acids. 95 There is evidence to suggest the involvement of CD36. CD36 is expressed on the apical side of taste bud cells in the lingual epithelium and enhances bile secretion in response to tasting unsaturated LCFAs. 96 Orosensory perception of LCFAs in mouse requires CD36. 97 It has been proposed that binding of LCFA to CD36 on taste bud cells initiates signaling to the afferent nerve fibers and transmits the output signal from taste buds to the central nervous system. 98 Common variants in the CD36 gene are associated with fat perception and preference, such as those prevalent in African Americans. 99 It would be interesting to see whether such variants are associated with a different cephalic phase of intestinal lipid release and CM secretion.
Oral Glucose Is a Known Stimulus of Lipid and CM Release From the Intestine
Oral glucose has been shown to mobilize intestinal lipid stores, but the underlying cellular and molecular mechanisms remain unclear. In human jejunal biopsy specimens, large quantities of lipid droplets are visible in enterocytes and lamina propria 6 hours after ingestion of a high-fat liquid meal. 38 When a glucose solution was ingested 5 hours after the high-fat meal and 1 hour before the biopsy, lipid droplets were largely cleared from the enterocytes. This was accompanied by increases in plasma TGs and CM TGs. In a recent study, we re-examined this phenomenon. 22 Healthy volunteers ingested a high-fat liquid meal, followed 5 hours later by ingestion of water or glucose. Plasma and CM TGs were measured for 3 hours after glucose or water ingestion. Our study confirmed the existence of plasma and CM TG peaks after glucose ingestion. In a separate cohort, duodenal biopsy specimens were obtained 1 hour after glucose or water ingestion (ie, 6 hours after high-fat formula ingestion). With water ingestion, considerable quantities of lipids were present in enterocytes in the form of CLDs. Glucose ingestion caused quantitative and qualitative changes in CLDs, with fewer CLDs present and a shift in CLD size toward smaller CLDs compared with water ingestion. The effects of glucose ingestion are dependent on sufficient lipid stores within the enterocyte because oral glucose did not reduce intestinal CLD stores after a 10-hour fast, at which time CLD stores still were present in enterocytes but largely diminished compared with 6 hours after fat ingestion. These results show that a considerable amount of dietary lipid is retained in intestinal CLDs well into the late postprandial period and that mobilization of intestinal lipid stores by oral glucose occurs in part by mobilization of CLDs for CM secretion.
We further examined the proteome of the duodenal biopsy specimens. No significant changes were detected in proteins involved in CLD metabolism or lipoprotein assembly, likely because of the small sample size. However, several proteins were expressed differentially with glucose vs water ingestion. Glucose ingestion relatively up-regulated ethanolaminephosphotransferase 1 and epimerase family protein short-chain dehydrogenase/reductase family 39U member 1 (SDR39U1), and down-regulated syntaxin-binding protein 5 (STXBP5). Ethanolaminephosphotransferase 1 is involved in the synthesis of phosphatidylethanolamine. 100 Mutations in several enzymes involved in phospholipid synthesis are associated with diseases including fatty liver, lipodystrophy, and obesity. 101 In addition, phospholipid remodeling protein lysophosphatidylcholine acyltransferase-3 deficiency alters the phospholipid composition of CLDs, CMs, and the ER, and impacts lipid storage and secretion. [55] [56] [57] Therefore, it is possible that higher levels of ethanolaminephosphotransferase 1 in the intestine in response to glucose has an impact on membrane composition of the ER and/or CMs, which ultimately promotes CM secretion. SDR39U1 is expressed in small intestine. 102 It is a member of the family of enzymes participating in the metabolism of steroid hormones, prostaglandins, retinoids, lipids, and xenobiotics. 103 Genetic defects in SDR genes underlie several inherited metabolic diseases. 104 Syntaxin 5 involved in pre-CM trafficking and docking to the Golgi as part of the target SNARE complex at the Golgi membrane. 6, 21 It is possible that, by binding to syntaxin 5, STXBP5 functions as a regulator of pre-CM docking to Golgi, regulating subsequent CM maturation and exiting the enterocyte. Glucose suppression of STXBP5 could hypothetically enhance the action of syntaxin 5, thereby enhancing the binding of PCTVs to the Golgi membrane, leading to enhanced CM secretion. The role played by these candidate molecular players in lipid mobilization and CM secretion requires further validation.
Other indirect mechanisms also may modulate glucosemediated mobilization of intestinal lipids. In rodent models, luminal glucose increases sympathetic activity leading to vasodilation of the submucosal arterioles via adenosine A1 receptors and increases NO. 65 Luminal glucose also increases fluid absorption and lymph flow in rats. 105 This might be related to increased villus and submucosal lymph osmolarity and flow with luminal glucose supply. 106 In addition, ingestion of a carbohydrate-rich meal increased sympathetic nerve activity and vasodilation in human beings. 107 Finally, glucose ingestion may stimulate GLP-2 secretion, which per se has stimulatory effects on CM release (as discussed later). In healthy subjects undergoing a standard OGTT, the plasma GLP-2 concentration increased from approximately 15 to 49 pmol/L. 108 The plasma GLP-2 concentration increased to approximately 50 pmol/L after a mixed meal and to nearly 1500 pmol/L after subcutaneous injection of 400 mg GLP-2. 109 The amount of glucose ingested in the earlier-described study (25 g) was much smaller than a standard OGTT (75 g), and GLP-2 stimulation of CM release was observed with subcutaneous injection of 1500 mg GLP-2. 40 These data suggest a less likely role of GLP-2 in mediating the effects of oral glucose on mobilizing intestinal lipid stores. The effects of oral glucose on gut lipid mobilization in relation to modulation of lymphatic function has not been examined in depth in human beings.
The Gut Hormone GLP-2 Is a Known Potent Stimulus of Intestinal Lipid Mobilization and CM Secretion
GLP-2 acutely enhances CM secretion in hamsters and mice. 110 This was shown to be owing in part to accelerated dietary fatty acid uptake via increased CD36/FA translocase glycosylation in the enterocyte. GLP-2 also increased circulating CMs in hamsters when administered 5 hours after infusion of oil into the duodenum, suggesting mobilization of intestinal lipid stores. In human beings, GLP-2 infusion potentiated postprandial TG excursion and increased circulating FAs. 111 In healthy human beings, we showed that a single subcutaneous injection of GLP-2 resulted in rapid and transient increases in plasma and CM TGs and apoB48 under conditions of constant intraduodenal lipid infusion and a pancreatic clamp, the latter preventing acute excursions in insulin, glucagon, and growth hormone. 40 This effect also was observed when administered 7 hours after a high-fat meal containing retinyl palmitate as a label of dietary fats. The increase in retinyl palmitate in parallel to TGs in plasma and CM indicated that GLP-2 promoted the release of TGs in preformed CMs that originated from the earlier fat-containing meal. These results show a novel mechanism whereby GLP-2 signaling gains access to intestinal lipid store pool(s).
The mechanism whereby GLP-2 mobilizes CM release remains unknown. Several lines of evidence suggest that GLP-2 may target postenterocyte lipid pools. First, although still being debated, it has become evident that the GLP-2 receptor (GLP-2R) is not expressed in enterocytes where CM synthesis occurs. 112, 113 GLP-2R is expressed prominently in the gastrointestinal tract, but extraintestinal expression including in the central nervous system also has been documented. [114] [115] [116] Recently, the exact distribution of intestinal GLP-2R was mapped in the mouse. 117 Within the duodenum, GLP-2R was expressed abundantly in the lamina propria of the mucosa layer and in the circular and longitudinal muscle layers. Glp2r messenger RNA (mRNA) transcripts were localized to the nerve plexuses in the caudal duodenum. In the jejunum and ileum, GLP-2R was found to be highly expressed in scattered cells within the mucosa and the nerve plexus, with sporadic expression in the muscle cells of the muscularis layer. In the cecum and colon, Glp2r mRNA was expressed in both the mucosa and nerve plexus. In addition to the expression observed in the myenteric plexuses, GLP-2R also was detected in submucosal plexuses of the colon. Throughout the intestinal tract, Glp2r mRNA was expressed markedly in the mucosal lamina propria, consistent with the distribution of subepithelial myofibroblasts. 112, 118 These expression patterns suggest that GLP-2 primarily targets the intestinal structure below the enterocytes, with potential roles in modulating muscular contractility and enteric nervous system (ENS) activity.
The ENS may be involved in GLP-2-stimulated CM secretion. The ENS interacts with the gut endocrine system and projects into the intestinal mucosa where enterocytes are located. 119 Several cell types in the intestine have been identified with GLP-2R expression, including subepithelial myofibroblasts, 118 enteroendocrine cells, 114 and enteric neurons that express eNOS and are positive for vasoactive intestinal polypeptide. 115 These cells are richly present in the submucosal regions, including the lamina propria. GLP-2 has been shown to activate enteric neurons in both rats and mice and modulate duodenal muscle contractility by increasing NO production and decreasing cholinergic neurotransmission. 120, 121 Furthermore, GLP-2 increases the expression of neuronal NOS and vasoactive intestinal polypeptide in enteric neurons, 122 2 regulators of intestinal vasodilation and blood flow that may indirectly influence lipid transport through the surrounding intestinal regions. This supports a role of GLP-2 signaling through receptor expression in the ENS and the subepithelial mucosa to modulate CM secretion, and this process may involve GLP-2 modulation of the intestinal vasculature including the blood vessels and the lymphatics in the gut. A plausible model would involve GLP-2 action via paracrine or endocrine mechanisms to stimulate mucosal mobility and vasodilation for the release of the CM pool in the lamina propria and lacteals.
GLP-2 is a potent regulator of intestinal blood flow. GLP-2 increases mesenteric blood flow in healthy human beings and in patients with short-bowel syndrome, 123, 124 in piglets, 125 and in rats. 126 Several studies in animals have suggested that GLP-2 modulation of CM secretion is NOdependent. For instance, GLP-2 increased jejunal NO metabolite levels in hamsters, suggesting the activation of NOS. 127 Inhibition of NOS reduces TG-rich lipoprotein TG levels, while supply of physiological NO donor increased apoB48 secretion, suggesting that NO directly enhances enterocyte CM secretion. 127 GLP-2-stimulated release of stored TGs from the enterocyte is suggested to be at least in part through NO, and this process may partly rely on MTP activity. 127 It also is important to point out that GLP-2 increased not only CM TGs but also apoB48 in human beings, 40 pointing to effects on mobilization of CMs. In our recent study in human beings, the NOS inhibitor N G -monomethyl-L-arginine blocked GLP-2-mediated stimulation of intestinal arterial blood flow without significant attenuation of CM secretion, 128 raising the question of the translatability of the findings from animal models to human beings. There are some caveats in drawing this conclusion. In the human study, NO production, especially that in the localized subepithelial regions such as areas in the lamina propria surrounding the lacteals, cannot be assessed and may not have been fully blocked by a NOS inhibitor. It is possible that GLP-2 regulation of CM secretion is confined in a locally NO-dependent, blood flow-independent manner. Furthermore, NO production has multiple pathways involving 1 of 3 NOS isoforms in the mammalian system, and the specificity of N G -monomethyl-L-arginine on each of these cannot be assessed in vivo. Finally, GLP-2 also may stimulate intestinal subepithelial myofibroblast cells to release VEGF-C, 129 and VEGFR2 signaling can activate eNOS. 130 Considering the role of VEGF-C in regulating lymphatic functions, GLP-2 may modulate lymphatic vasculature in the intestinal region, which has not yet been established. Future studies are required to examine the potential involvement of the mesenteric lymphatic vasculature, including the lacteals, in GLP-2 stimulation in postenterocyte CM mobilization.
One additional potential mechanism of GLP-2 stimulation of intestinal lipid mobilization and CM secretion bears consideration. Glp2r mRNA and protein are highly expressed in the arcuate nucleus and dorsomedial nucleus of the mouse hypothalamus. 116 Central GLP-2 acts on proopiomelanocortin neurons to suppress food intake, gastric motility, and hepatic glucose production. 116, 131, 132 The central nervous system provides extrinsic neural inputs that regulate, modulate, and control gastrointestinal functions, 133 and central regulation of CM secretion has been proposed 134 ; however, solid evidence is lacking to support that GLP-2 modulates CM mobilization through a central pathway.
Conclusions and Future Directions
Fat ingestion is overwhelmingly the major regulator of CM secretion but a second tier of fine regulation by hormones, nutrients, neural stimuli, and pharmacologic agents increasingly is being recognized, and dysregulation of these mechanisms in conditions such as insulin-resistant states is becoming evident. 2, 3 There is increasing recognition that, besides the already well-described nodes of regulation of enterocyte CM assembly and secretion, post-assembly nodes of regulation also may play important roles in CM secretion. Although research in these areas is starting to show regulatory mechanisms related to each step, our understanding is still rudimentary and many questions remain to be answered. For example, what is the quantitative contribution or size of the intestinal TG store that can be mobilized? Quantitatively, which lipid pool is mobilized by the various stimuli discussed in this review and are the various pools recruited simultaneously or differentially? Do different stimuli target distinct lipid store pools and are their stimulatory effects additive or synergistic? Preliminary data in rats suggest that GLP-2 effects may be quantitatively larger than those of glucose; however, there has been no head-tohead comparison between these 2 stimuli to date. It also remains to be established whether TG stores and mobilization in the intestine are indicative of metabolic status (ie, whether they are compromised or overactive in compromised metabolic conditions, eg, diabetes, metabolic syndrome, and insulin resistance). Can potential modalities be developed to safely target intestinal lipid storage and mobilization for health benefits? These are just a few of the many questions that arise from our growing understanding of the complexity of intestinal lipid mobilization and CM secretion. We hope that improved understanding of intestinal lipid storage and mobilization will provide unique opportunities that ultimately have translational value for dietary guidelines, the prevention and treatment of dyslipidemia and cardiovascular disease, and improve health in general.
